In xeric environments, an increase in drought is related to reduced forest productivity and to enhanced mortality. However, predictions of future forest development remain difficult as the mechanisms underlying the responses of mature trees to long-term variations in water availability are not well understood. Here, we aimed to compare the adjustments in radial growth and morphological needle and shoot traits of mature Scots pine (Pinus sylvestris L.) growing along open water channels with those of control trees growing under naturally dry conditions at three sites in Valais, an inner-Alpine dry valley of Switzerland. The trees growing along two channels had been irrigated since germination (>70 years), whereas those along another previously drained channel had been irrigated only from 2010 to 2012, when the channel was re-established, and could thus be used to quantify the short-term effects of re-irrigation. Linear mixed models revealed that needle and shoot lengths as well as early-and late-wood basal area increments (BAIs) were most responsive to short-term and long-term irrigation. However, the magnitude of the response to the short-term irrigation exceeded that of the long-term irrigation. An extreme drought during the first half of 2011 led to an immediate decrease in the needle length, needle width, and early-and late-wood BAIs of the control trees, whereas the shoot length and needle numbers of control trees reacted with a 1-year delay to the extreme drought, as the shoots were responding to water availability of previous year's summer. Such negative responses to dry climatic conditions were even found in irrigated trees at one of our sites, which might be linked to tree growth becoming more sensitive to drought with increasing tree height and leaf area. In order to improve predictions of future forest development, long-term studies are necessary that consider lagged responses and adjustment processes of trees to changes in water availability.
Introduction
Drought is one of the most important environmental con straints on forest productivity and the key factor in climate-related forest dieback (Allen et al. 2010) . As climate projections predict an increase in the frequency and severity of future drought events (IPCC 2013), drought-induced effects on forest ecosystems are likely to gain in importance. Species growing at their distribution limit are particularly sensitive to such effects (Hampe and Petit 2005, Parmesan 2006 ). These phenomena have recently been investigated for Scots pine (Pinus sylvestris L.), which has experienced high rates of drought-induced mortality at its southern distribution limit in Spain (Martínez-Vilalta and Piñol 2002, Sánchez-Salguero et al. 2012 ) and in the Central Alps (Oberhuber et al. 2001 , Rebetez and Dobbertin 2004 , Dobbertin et al. 2005 . In general, Scots pine has a wide spatial distribution, limited by high temperature and summer drought at its southernmost range (Carlisle and Brown 1968) . Thus, an increase in drought due to climate change may severely affect current populations (Matías and Jump 2012) .
Topographic characteristics such as slope, aspect, altitude and soil depth influence soil water availability (Western et al. 2002) and consequently the responses of trees to climate. Accordingly, the highest mortality rates of Scots pine in the southernmost populations were found in inner-Alpine dry valleys on steep, south-facing slopes at lower altitudes and on shallow soils (Oberhuber et al. 1998 , Weber et al. 2007 . Inner-Alpine valleys, such as Valais in Switzerland, are characterized by low annual precipitation and are regularly exposed to drought due to very high rain-shading mountains. In addition, higher temperatures have increased evapotranspiration in Valais during recent decades, leading to reduced water availability and thus to higher drought stress for Scots pine (Rebetez and Dobbertin 2004, Zweifel et al. 2009 ). The effects of drought on the future development of Scots pine in inner-Alpine dry valleys are still uncertain, and the mechanisms leading to drought-induced mortality are not yet fully understood.
Scots pine has several adaptive traits to avoid drought stress to a certain extent. These reduce water loss by minimizing transpiration and increasing water uptake through the tree's deep and extensive root system. Consequently, Scots pine trees are able to delay the onset of water stress by combining physiological and morphological whole-tree adjustments. In addition, the adjustments of leaf, shoot and radial growth in response to soil water availability are important mechanisms that influence a tree's light interception, carbon gain and water-use efficiency and thus its survival (Raison et al. 1992 , Niinemets et al. 2001 , and are crucial aspects of functional plant ecology (Wright et al. 2004 , Ordoñez et al. 2009 , Walters and Gerlach 2013 . However, little is known about the intraspecific ability of mature trees to adjust needle and shoot traits to drought.
Drought manipulation experiments enable estimations of the future impacts of climate change on forest development. The responses of trees to differences in water availability are assessed by either enhancing or reducing drought (via irrigation) in experiments, which are typically short term, lasting <10 years (e.g., Albaugh et al. 2004 , Dobbertin et al. 2010 , Cotrufo et al. 2011 , MacKay et al. 2012 . Initial studies suggest that adjustment processes and feedback mechanisms may dampen the responses of trees to changes in water availability on longer time scales (Leuzinger et al. 2011 , Beier et al. 2012 , Barbeta et al. 2013 , Feichtinger et al. 2014 . Therefore, it is crucial to gain a better understanding of drought's impact over long time periods in order to be able to predict future forest development under a changing climate.
In the present study, we investigated the adjustment capability of Scots pine to long-term irrigation and drought by studying different traits in trees growing along historical water channels at two sites in Valais, Switzerland. These channels are mainly open ditches that have irrigated the surrounding trees passively since their germination. The comparison of irrigated trees with those growing nearby under naturally dry conditions allows conclusions to be drawn about Scots pine's droughtadjustment strategies. An additional channel, which had been dry for several decades and re-established in 2010, allowed us to quantify the effects of short-term re-irrigation on tree growth.
The following questions were addressed: (i) what are the effects of irrigation on needle, shoot and radial growth traits of Scots pine? (ii) Are there differences in these effects between those with long-term irrigation and those with only 2 years of re-irrigation? (iii) What is the reaction of Scots pine to climate?
Materials and methods

Study sites
We studied three Scots pine stands (Varen, Planige and Lens) located in Valais, an inner-Alpine dry valley of Switzerland (7°E/46°N, Figure 1 ). All stands are situated on south-facing slopes (15-37°) at ∼800-1000 m above sea level (a.s.l.; see Table 1 ) on shallow rendzic leptosoils (FAO 2006) . These forests, which are dominated by Scots pine, belong to the vegetation type Erico-Pinetum sylvestris. The climate in Valais is characterized by a low total annual precipitation of 664 mm Trait-specific growth adjustments of Scots pine 161 Figure 1 . Location of the study region in Central Europe (a), Valais in Switzerland (b). The study sites are marked as dots and the weather stations as triangles. and by an average annual temperature of 9.2 °C (see Figure  S1 available as Supplementary Data at Tree Physiology Online).
We studied the effects of water availability on different traits by comparing trees growing under naturally dry conditions (control) with irrigated trees growing along open water channels. These open channels, so called Bisse, conduct melt water from high elevations to agricultural land from the end of April until the beginning of October (Leibundgut and Kohn 2014) . At the site Varen, the channel can be dated back to the 12th, and at Planige and Lens, to the 15th century. These channels are mainly open ditches, which lose a large amount of water passively to the surrounding vegetation. For one of these water channels (Lens), the water loss was quantified at 27% or ∼80 l s −1 along a 3-km transect (Brühlhart 1999) . Due to this leakage, the open channel at Lens was replaced by an impermeable pipe in 1984. However, it was re-established for touristic reasons in May 2010.
All trees classified as irrigated were growing <1 m away from the irrigation channel to ensure that they did benefit from the passive irrigation. As controls, we chose trees growing nearby the irrigation channels, but outside the irrigation zone (upslope or in the proximity of the irrigated plots) under naturally dry conditions.
Climate data
To estimate the combined effects of low precipitation and high evaporative demand on tree growth and physiology, the drought index (DRI) was calculated according to Thornthwaite (1948) :
where P is the monthly precipitation and PET is the potential evapotranspiration. Temperature data were obtained from the weather stations located in Sion at 492 m a.s.l. ∼9 km away from Lens, 17 km from Planige and 20 km from Varen. As precipitation has a high spatial variability, we chose the weather station in Sierre (539 m a.s.l.), which is closer to our sites, but which only records precipitation data. This station is ∼4 km away from Planige and 8 km from Varen and Lens (Figure 1 ).
Sampling and measurements
In a first campaign (in 2010), we cut three branches from eight mature Scot pine trees (>50 years) per irrigated and control plot in September 2010, using clippers extendable up to 8 m.
To exclude confounding factors such as self-shading, we exclusively sampled branches from the sunlit, south-exposed crown parts and avoided branches with a damaged main shoot leader, mistletoe infection or visible insect infestations. Immediately after cutting, the branches were put into plastic bags, which were sealed and stored in cooling boxes for transportation to the lab. All subsequent measurements were conducted within 36 h. In a second campaign in 2012, needle sampling was repeated following the same protocol as in the campaign in 2010. However, a wet snow event in the winter 2011/2012 had damaged several trees at the study sites and consequently, only 32 of the 48 trees sampled in 2010 were re-sampled in 2012. The damage was most severe at Lens, and the control plot was therefore heavily thinned in 2012. Furthermore, two increment cores were taken perpendicular to each other at breast height (1.3 m) with an increment borer, and the diameter at breast height (DBH) as well as the tree height were recorded for each tree in 2012.
In the lab, the shoot length of the main shoot leader per branch was measured with an electronic gauge (±0.1 mm), going back to the year 2000. Here, it was only possible to measure up to 13 years because morphological markers fade with time, making it difficult to visualize different shoots. Subsequently, the needles of the last 3 years were counted per shoot, and 20 needles per year were then selected (or all needles per year if fewer than 20 needles were present) and scanned with a resolution of 300 dpi using a scanner with back illumination. The curved needle length and width as well as the projected needle area were quantified from the digital images using the software winSEEDLE (winSEEDLE 2006, Régent Instruments, Quebec, QC). The needles were then oven-dried Table 1 . Description of sampled trees per control and irrigated plot at the three Scots pine sites with coordinates, mean values ± SE (n = 8) of tree age, DBH, height and needle longevity. Differences between (i) the control and the irrigated trees and (ii) the trees measured in the campaigns 2010 (2010) and 2012 (2012) were tested with two-sample Wilcoxon-rank-sum tests (values with different letters: P ≤ 0.05). Needle longevity was only measured in the campaign 2012. Trees at the site Lens were re-irrigated since 2010. for at least 48 h at 80 °C (Pérez-Harguindeguy et al. 2013) and weighed to an accuracy of 0.01 g to assess the needle dry weight. Finally, the specific leaf area (SLA) was calculated as the ratio of needle area to needle dry weight, the total leaf area as a product of needle area and the number of needles per shoot, and the needle density as the number of needles per square millimetre shoot. At the site where the irrigation had been re-started (Lens), the needles were additionally ground and 25 mg weighed into tin capsules. Total carbon (C) and nitrogen (N) were subsequently measured with a CN analyser NC 2500 (CE Instruments, Milan, Italy). The surface of the tree cores of all sites was prepared with a core microtome (Gärtner and Nievergelt 2010) to improve the visibility of the tree rings. Subsequently, the early-and late-wood widths were measured using a LINTAB digital positioning table and the software TSAP-Win (Rinntech, Heidelberg, Germany), and cross-dated both visually and statistically using the software COFECHA (Holmes 1994) . To compare the absolute tree-ring growth between the irrigated and control trees, the annual basal area increment (BAI) was calculated for the period 2000-12 according to Biondi and Qeadan (2008) :
where R is the stem radius at time t.
Vegetation survey
We were not able to take soil samples in order to characterize soil conditions due to very rocky and shallow soils at our study sites. We therefore used vegetation surveys of the understory vegetation (<5 m in height) to gain site-specific indicator values according to Landolt et al. (2010) and to assess possible differences in soil characteristics (humidity, humus and nutrient values) between irrigated and control plots. The understory vegetation of a 4-m 2 subplot around each tree was surveyed during June and July 2011. The humidity value indicated the mean soil humidity during the vegetation period and ranged from 1 (very dry) to 5 (flooded). The nutrient value indicated the soil nutrient availability and ranged from 1 (very poor) to 5 (very rich), and the humus value indicated the soil humus content and ranged from 1 (low content) to 3 (high content) .
Unweighted means of the indicator values were calculated per plot because the total percentage of coverage per species was often low (<1%). Species for which no specific indicator values could be assigned were excluded from the analysis. In total, 131 of 137 species from 69 surveys were used in this analysis. The average number of species per subplot was 20, with a minimum of 10 species and a maximum of 34 species. At Lens, we assumed that the understory vegetation had been unaffected by the 1-year re-irrigation at the time of the survey.
Statistical analysis
All statistical analyses were performed using the software R (R Development Core Team 2011). The differences between the needle and the shoot traits of the irrigated and control trees were analysed with a generalized linear mixed model using the function 'lmer' of the package 'lme4' (Bates et al. 2014) , fitted by restricted maximum likelihood (REML). This meant that each site (Varen, Planige and Lens), each needle and shoot trait as well as the early-and late-wood BAI were modelled separately as a function of treatment (irrigation/control) and the current year with the individual tree as the random variable:
with α as the overall intercept, β 1 as the random effect on the intercept associated with the individual tree and β 2 , β 3 and β 4 as the parameters of the fixed effects, i as the index for the tree, j as the index for the year of growth and ε ij as the error term. We transformed the data to achieve normality and homoscedasticity of the residuals when necessary. Furthermore, orthogonal contrasts were calculated to quantify the effects of the treatment for each year separately as well as the differences of each trait between the years. The needle traits, needle length and width, SLA and total SLA were analysed for a 5-year period , and the tree-ring width and shoot length for a 13-year period . Both periods were too short to detect any temporal autocorrelation. Differences in tree age, DBH and height, as well as in the indicator values between irrigated and control plots, were quantified with a Wilcoxon-ranksum test, and the resulting P-values were adjusted for multiple testing using the Holm-Bonferroni method (Holm 1979) .
To test which seasonality in climate could best explain the variations in the BAI (early-and late-wood) and the shoot length of Scots pine, these series were correlated with the monthly mean DRI for (i) previous summer (June to August), (ii) current spring (March to May) and (iii) current summer (June to August), and Spearman's rank correlation coefficients were calculated.
Results
Climate
During the study period from 2000 to 2012, the mean annual precipitation sum in Valais was 636 mm, with a mean annual temperature of 10.7 °C. For the same period, the climatic water availability expressed as the DRI and estimated as a function of precipitation and potential evapotranspiration revealed a mean DRI of 0.03 (see Figure S2 
Effects of long-term differences in water availability
The understory vegetation in June/July 2011 indicated significantly higher soil humidity, nutrient availability and humus contents in the long-term irrigated plots at the sites Varen and Planige than in the corresponding control plots (P ≤ 0.05, Figure 2 ). Furthermore, long-term irrigated trees were significantly taller and wider (DBH) than the corresponding control trees in 2012 (P ≤ 0.01, Table 1 ) and revealed significantly higher BAI and longer shoots for the period from 2000 to 2012 (P ≤ 0.05, Figure 3 ). Irrigated trees had on average about three times higher early-and late-wood BAIs than control trees, and twice as long shoots, respectively (Figure 3) . Furthermore, the needles of irrigated trees were over one-third longer and ∼10% wider for all years between 2008 and 2012 (P ≤ 0.05, Figure 4 ). In addition, significantly more needles per shoot (∼60%) developed in the irrigated trees between 2010 and 2012, while the needle density was ∼20% lower (P ≤ 0.05, Figure 5 ). Despite the lower needle density, the total needle area per shoot was significantly higher for irrigated trees than for control trees (∼130%). No significant differences in the mean SLA between the irrigated and control trees were found at the site Varen, whereas the control trees at Planige had significantly higher SLA values in the years 2009, 2010 and 2011 than the irrigated trees (P ≤ 0.05, Figure 4) . The SLA showed a clear needle age effect, decreasing with the age of the needles.
Effects of short-term re-irrigation
Before the irrigation re-started at the site Lens in May 2010, no significant differences were found in the shoot length (Figure 3) , needle length, SLA (Figure 4 ) and needle N concentration ( Figure 6 ) between the trees growing along the drained channel and the corresponding control trees (P < 0.05). However, prior to the re-irrigation, trees tended to have a higher annual BAI than the control trees, which was significant for the years 2000-2004 and 2008 for earlywood, as well as for the years 2000, 2003 and 2008 for latewood (P ≤ 0.05, Figure 3 ). Furthermore, soil conditions in the re-irrigated and control plots were significantly different, as the understory vegetation indicated the soil humidity, nutrient availability and humus content in the re-irrigated plots were higher in 2011 ( Figure 2 ). Measurements in 2012 revealed no differences in DBH, but trees were higher in the re-irrigated plots than in the control plots (Table 1) .
In 2010, the year of the re-establishment of the channel, the late-wood BAI (Figure 3 ), needle length ( Figure 4 ) and needle N concentration ( Figure 6 ) of the re-irrigated trees reacted significantly (P ≤ 0.05) to the increase in water availability. In the following year, these differences became even more pronounced. The late-wood BAI of the re-irrigated trees increased by over six times compared with the control (Figure 3) , the needles were more than twice as long (Figure 4 ), and the needle N concentration increased by one-third ( Figure 6) . In contrast, the early-wood BAI (Figure 3) , the shoot length (Figure 3 ) and the needle width (Figure 4) reacted with a 1-year delay to the re-irrigation. In 2011, the early-wood BAI was more than five times higher for the re-irrigated trees than for the control trees, the shoots were nearly twice as long and the needles ∼20% wider. In contrast, there was no increase in the number of needles per shoot after 2 years of irrigation, but a significant (P ≤ 0.05) decrease in needle density by 30% ( Figure 5 ) and in SLA by 10% (Figure 4 ) in the irrigated than in the control trees in 2011.
Effects of climate
For trees growing under naturally dry conditions at the sites Varen and Planige, the early-wood BAI did not appear to be related to the climatic water availability (DRI, P < 0.05, Table 2 ). However, the late-wood BAI of the control trees at Varen (Table 2 ) was significantly enhanced by high water availability during the current summer (June to August, r = 0.63, P ≤ 0.05). On the other hand, the shoot growth of the control trees at both sites was significantly influenced by wet climate during the previous year's summer (r = 0.70-0.77, P ≤ 0.01).
Trait-specific growth adjustments of Scots pine 165 Figure 3 . Mean early-and late-wood BAI and shoot length ± SE (n = 8) of irrigated and corresponding control trees at the three Scots pine sites for the period 2000-12 measured in September 2012: Varen (left), Planige (middle) and Lens (right). The grey shaded areas indicate the nonirrigated period before the re-establishment of the water channel at the site Lens in 2010. The data for the site Lens in 2012 are not shown, because the thinning in winter 2011/2012 was a confounding factor. Contrasts of linear mixed models were used to test for differences between the control trees and irrigated trees. For Varen and Planige, differences were significant for all years and traits (P ≤ 0.05) and were thus not marked. For the site Lens, only single years were significantly different and are marked (*P ≤ 0.05).
The early-and late-wood BAIs of the long-term irrigated trees at the sites Varen and Planige did not seem to be influenced by the climatic water availability, whereas the shoot growth of the trees growing along the channels at Varen (but not at Planige) was still positively influenced by wet climatic conditions during the summer of the previous year (r = 0.70, P ≤ 0.01).
The dry period in the first half of 2011 led to a significant reduction in the early-wood BAI of the control trees at the sites Varen and Planige, but the reduction of the late-wood was only significant at the site Varen (P ≤ 0.05, Table 3 ). The shortest shoots in the control trees were found in 2012 at both sites (Figure 3) , even though the shoot growth in 2012 was not significantly different from that in 2011. For the period 2008-12, the needles of the control trees were shortest and thinnest in 2011, with significantly shorter needles in 2011 than in 2010 (P ≤ 0.05). The numbers of needles per shoot in the control trees at the sites Varen and Planige were lowest in 2012, but not significantly fewer than in the previous years ( Figure 5) . The early-and the late-wood BAIs of the irrigated trees at the site Varen were significantly reduced (P ≤ 0.05) in 2011, as were the shoot and the needle lengths and widths. The irrigated trees at the site Planige showed, however, only a significant reduction in needle length (Table 3 ).
Discussion
In this study, we investigated the effects of irrigation on mature Scots pine trees on two different time scales. The results showed that (i) the direction of the responses to differences in water availability was similar for all affected traits, although (ii) the magnitude of these responses to the short-term irrigation exceeded that of the long-term irrigation. The needle and shoot Figure 4 . Mean needle traits ± SE (n = 8) for three needle generations of the irrigated Scots pine and corresponding control trees at the three sites (Varen, Planige and Lens). The following needle traits are compared: needle length, needle width and specific leaf area (SLA) measured in the campaigns 2010 and 2012. The needle traits for the site Lens in 2012 are not shown, because the thinning in winter 2011/2012 was a confounding factor. The grey shaded areas indicate the unirrigated period before the re-establishment of the water channel in 2010 at the site Lens. Contrasts of linear mixed models were used to test for differences between the irrigated trees and control trees (*P ≤ 0.05, lower row of stars for earlier and upper row for later years). lengths, as well as the early-and late-wood BAIs, were most responsive to both short-and long-term differences in water availability, while other traits were less responsive (needle width) or did not seem to be affected by water availability (SLA and needle longevity).
Effects of long-term vs short-term irrigation
The long-term effects of irrigation on the investigated pine forests and their soil conditions were demonstrated by the increased indicator values at the sites Varen and Planige, where the long-term irrigated soils had higher humidity, nutrient availability and humus contents than the control soils in 2011 ( Figure 2) . These effects were still visible 30 years after the irrigation was stopped at the site Lens, which indicates a long-lasting improvement of the soils. As a consequence, the tree growth of both long-term and short-term re-irrigated Scots pine increased and the trees' total leaf area per shoot was significantly larger than that of the trees growing under naturally dry conditions ( Figure 5) , mainly due to the irrigated trees having longer shoots and needles (Figure 4 ). An increase in leaf area depends on water availability via the trade-off between additional carbon gains and water loss through evapotranspiration (Girard et al. 2011) , as has also been found for pine species in other drought manipulation experiments (Lebourgeois et al. 1998 , Cinnirella et al. 2002 , Grill et al. 2004 . Moreover, the higher nutrient availability for irrigated trees at the sites Varen and Planige (Figure 2 ) may have led to an increase in the photosynthetic capacity, as indicated by the higher needle N content of the re-irrigated trees in Lens ( Figure 6) . In addition, a higher water availability has been found to increase the integrated stomatal conductance ). Thus, the trees growing at the water channels benefited from the irrigation with a higher early-and late-wood BAIs compared with control trees (Figure 3) .
Trait-specific growth adjustments of Scots pine 167 Figure 5 . Mean needle traits ± SE (n = 8) for three needle generations of the irrigated Scots pine and corresponding control trees at the three sites (Varen, Planige and Lens). The needle traits compared are: number of needles, needle density and total needle area per year of needle emergence measured in the campaign 2012. The needle traits for the site Lens in 2012 are not shown, because the thinning in winter 2011/2012 was a confounding factor. Contrasts of linear mixed models were used to test for differences between the irrigated and control trees (*P ≤ 0.05).
We found no differences in needle longevity for trees at the sites Varen and Planige (Table 1) , but a significantly lower SLA for irrigated trees than for control trees in 2009, 2010 and 2011 at the site Planige (Figure 4) . At the site Lens, the SLA was significantly reduced after 2 years of re-irrigation (in 2011). This is in contrast to findings from interspecific comparisons, with leaves showing a higher longevity and a lower SLA for species adapted to dry sites, and a shorter longevity and a higher SLA for those adapted to mesic environments (Wright et al. 2001 ). Moreover, studies comparing different pine species either found no relationships between water availability and both SLA (Pinus radiata, Raison et al. 1992 ) and needle longevity (Pinus resinosa, Walters and Gerlach 2013) or found a negative relationship during very dry years (P. sylvestris, Dobbertin et al. 2010 ). Furthermore, Niinemets et al. (2001) found a decrease in the SLA of Scots pine with an increase in quantum flux density. However, at nutrient-limited sites, trait plasticity was lower than at nutrient-rich sites, leading to comparably higher SLA values under nutrient-limited conditions (Niinemets et al. 2001) . Thus, the high SLA values in control plots in our study might be linked to a lower availability of soil nutrients (Figure 2 ) and the inability of SLA to adjust to high quantum flux rates rather than a direct cause of lower water availability.
The traits of Scots pine that reacted most to the long-term irrigation at Varen and Planige were also most responsive to the short-term effects of the re-irrigation at the site Lens. However, the magnitude of the responses to the short-term irrigation greatly exceeded that of trees irrigated since their establishment at the sites Varen and Planige. In 2011, after 2 years of re-irrigation, early-and late-wood BAIs increased by about five to six times, while the long-term irrigated trees grew only about four times more than the corresponding control trees. In a previous investigation by Feichtinger et al. (2014) , Scots pine trees growing at the site Lens were investigated before and after the irrigation stop in 1984: before the stop , the BAI of irrigated trees was less than twice as high as that of the control trees. Thus, we can exclude site-specific differences or differences in the quantity of water flowing through the channel as the main reason for these high initial responses in radial growth at the site Lens. In our study, the total leaf area per shoot of the trees re-irrigated for a period of 2 years was more than three times larger than the corresponding control trees and the needles were twice as long, while the total leaf area per shoot of long-term irrigated trees was only twice as large and needles 50% longer. In contrast, the magnitude of the responses of the shoots to differences in water availability was similar for both the short and long-term irrigated trees. Hence, the magnitude of response seems to depend highly on the duration of the change in water availability.
A recent meta-study by Leuzinger et al. (2011) investigated the effect size of several climate change drivers on tree growth and found in almost all cases a reduction in response with time (>10 years). This effect was also studied by Barbeta et al. Table 2 . Spearman's correlation coefficients calculated for the mean DRI during the previous summer (June to August), current spring (March to May) and current summer (June to August), and the annual mean values of early-and late-wood basal area increments and shoot lengths of control Scots pine trees and irrigated trees for the period 2000-12 (bold numbers are indicating significant relations; *P ≤ 0.05; **P ≤ 0.01).
Site
Period (2013), who reported a dampening in the response of radial growth and stem survival to a reduction in water availability with time (≥13 years) in Quercus ilex and Phillyrea latifolia. Thus, the initially high increase in BAI ( Figure 3 ) and needle growth (Figures 4 and 5) in response to the short-term irrigation might decrease with time, namely, to a lower level of response with ongoing irrigation similar to the one we found in the long-term irrigated trees. One reason for this high response of recently re-irrigated trees is that water and nutrient availability are tightly linked (e.g., Larcher 2003), as indicated by the increase in the needle N concentration ( Figure 6 ). However, the higher nutrient availability related to the re-irrigation may decrease with time due to an increased nutrient accumulation in plant biomass. As a consequence of this feedback, the responses of trees to ongoing irrigation may be dampened with time.
Effects of climate
The extreme drought during the first half of 2011 (DRI January to May = −0.81, see Figure S2 available as Supplementary Data at Tree Physiology Online) led to trait-specific responses in Scots pine, with the control trees having shorter and narrower needles than in 2010 (Table 3) . This finding is in agreement with that of other studies, showing that water availability during the current year's spring has a high impact on the needle area of pine species (Grill et al. 2004 , Dobbertin et al. 2010 . In contrast to these direct responses, we found no significant reductions in the number of needles and the shoot length in control trees in 2011 (Table 3) . This is not surprising because buds would have already formed in the previous year, and the shoot growth at our study sites is highly correlated with the climatic water availability of the previous summer (Table 2) . As a consequence, the total needle area per shoot ( Figure 5 ) of Scots pine trees in Valais in 2011 was less reduced than the mean needle area (Figure 4 ). Hence, these delayed reactions to water availability might buffer the negative impacts of extreme drought events on tree performance. As direct responses to the drought in 2011, the early-wood (Varen and Planige) and late-wood (Varen only) BAIs of control trees were significantly reduced. Surprisingly, the BAI was not (early-wood), or only at one of our sites (late-wood), correlated with the climatic water availability during the period from 2000 to 2012, although radial growth has been shown to be a good proxy for the effects of drought stress on trees in our study region (see Bigler et al. 2006 , Eilmann et al. 2006 , Affolter et al. 2010 ). Our BAI chronologies may have been too short (13 years) to detect the influence of climate on tree-ring growth. Hence, a more suitable proxy for drought stress than radial growth during shorter time periods might be the trait shoot length.
For irrigated trees at the site Varen, not only was the needle length significantly reduced in 2011 but also the earlywood BAI. Moreover, the shoot growth of these irrigated trees depended on the climatic water availability to the same extent as the control trees (Table 2 ). This growth sensitivity to climate despite irrigation also affected the radial growth of irrigated Scots pine trees growing along a water channel near our site at Lens, investigated over a period of 100 years (Eilmann et al. 2009 ). Therefore, the drought stress in 2011 must have been exceptionally high and irrigation insufficient to fully eliminate any growth responses of needles, shoots and radial growth to climate. In addition, the size of the trees may have influenced their responses, as the irrigated trees at Varen were nearly twice as high (Table 1) and had a higher total leaf area per shoot ( Figure 5 ) than the corresponding control trees. As a consequence, the irrigated trees at Varen were probably equally vulnerable to the exceptionally dry conditions in 2011 as were the control trees, as has been found for several other coniferous species (McDowell et al. 2006 , Lévesque et al. 2013 , Schuster and Oberhuber 2013 .
Conclusion
The morphological mechanisms underlying the responses of mature forests to long-term variations in water availability are still poorly understood; however, this knowledge is crucial to be able to predict future forest developments in the presence of climate change. We provided evidence that the responses of trees to long-term changes in water availability are likely to be different in magnitude from short-term responses. Consequently, studies are necessary to uncover the long-term processes including changes in soil characteristics and the adjustment processes of trees over time.
Furthermore, our study could show that drought mainly reduces the total leaf area per shoot of Scots pine by limiting the growth of needles and shoots as well as the numbers of needles. As the needle longevity at our sites was ∼4-5 years Trait-specific growth adjustments of Scots pine 169 Table 3 . P-values from the calculated contrasts of the linear mixed models between the irrigated and control trees of the extreme dry year 2011 and the years before 2010 and after 2012. Significant differences are formatted in bold. All traits were sampled in 2012. (Table 1) , needle and shoot reductions during drought years significantly lowered the potential photosynthetic capacity of the trees for several subsequent years (Girard et al. 2011) . This smaller photosynthetic carbon uptake may contribute to the delayed recovery of tree growth after extreme climatic events (Bigler et al. 2007 , Girard et al. 2010 . We also found that the traits like needle, shoot and radial growth are affected differently by climate, depending on the timing of water scarcity. Thus, understanding the effects of drought on tree performance requires integrated approaches that consider multiple traits. We suggest using the approved tree-ring analysis to track growth responses over longer periods, combined with measurements of highly responsive needle and shoot traits, which are more appropriate for short-term tracking. Including additional morphological traits such as root growth (e.g., Brunner et al. 2009 , Herzog et al. 2014 and cell lumen and cell wall thickness (e.g., Eilmann et al. 2009 , Fonti et al. 2013 , as well as tree physiological traits such as stable carbon isotopes in tree rings , would help to produce a more complete picture of how trees respond to drought in both the short and long terms.
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